The combination of cerebrospinal fluid (CSF) analysis and magnetic resonance imaging (MRI) are often used to investigate intracranial disease in dogs. The aim of this retrospective study was to determine if the total nucleated cell count (TNCC) or cytology findings in abnormal CSF are associated with the prevalence of MRI abnormalities. Materials and methods: For each case, the TNCC was categorized into one of three groups:
Introduction
A variety of central nervous system diseases result in an increase in the total nucleated cell count (TNCC) of the cerebrospinal fluid (CSF), known as a pleocytosis. 1, 2 Prior to the advent of advanced diagnostic imaging procedures, such as magnetic resonance imaging (MRI), the detection of a pleocytosis was historically a principal means for confirming central nervous system disease antemortem. 3 Pleocytosis can be induced by primary inflammation of the central nervous system, such as that seen with infectious diseases caused by bacterial, viral, fungal, or protozoal etiological agents; suspected immune-mediated etiology; or those of unknown etiology.
1,4-6 CSF 
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hugo et al pleocytosis is also reported in association with a secondary inflammatory response or a breakdown of the blood-brain barrier induced by trauma, neoplasia, infarction, hemorrhage, or certain degenerative conditions. [1] [2] [3] [4] These changes have also been observed in some neoplastic processes due to direct shedding of neoplastic cells into the CSF, such as in cases of lymphoma and malignant histiocytosis. 7, 8 Seizure activity in humans has also been found to induce CSF pleocytosis and is suspected to also occur in dogs. 9 With the increasing availability of advanced diagnostic imaging modalities, particularly MRI, the investigation of CNS disease in companion animals has been revolutionized. MRI is a noninvasive imaging modality that constructs images of the brain using the magnetic resonance of protons under the influence of various radio wave pulses. 10, 11 It is currently the imaging modality of choice for examining the intracranial anatomic characteristics antemortem, and it provides superior etiologic information when compared to CSF for most central nervous system disease processes. 3, 11, 12 Additional advantages of MRI are its ability to identify contraindications to CSF collection, such as atlantoaxial subluxation, Chiari-like malformation and mass lesions that increase the risk of brain herniation. 2 A recent study by Wolff et al 13 that investigated 77 dogs with histopathologically confirmed brain disease demonstrated that MRI had an overall sensitivity and specificity of 95.7% and 96.2%, respectively. Similar results were also reflected by another study of 256 dogs with central nervous system disease, of which 89% (170/192) of cases demonstrated abnormalities on MRI for clinical diagnoses in which abnormalities were expected. 3 In comparison, the same study found that CSF was abnormal in only 75% (144/192) of cases. These findings have anecdotally led to questions regarding the value or need for the continued collection of CSF for analysis in the investigation of dogs with central nervous system disease, particularly given its added risk of complications, such as brainstem or spinal cord trauma, herniation, and iatrogenic infection. 2, 5 One area in which CSF continues to remain advantageous with respect to MRI is in the context of inflammatory disease of the central nervous system. Specifically, in the study by Bohn et al, 3 85% (44/52) of dogs with inflammatory disease had CSF abnormalities, whereas only 62% (31/52) had abnormal findings on MRI. Also, in Wolff et al's study, 13 18 patients had confirmed inflammatory CNS disease, for which MRI had a sensitivity and specificity of 80.7% and 95.4%, respectively. These studies and others investigating patients with inflammatory CSF have identified an incidence of concurrent MRI abnormalities ranging from 74%-92%. 3, 14, 15 Thus, certainly with regards to inflammatory CNS disease, CSF analysis still appears to have diagnostic value in identifying affected dogs and prioritizing differential diagnoses based on MRI abnormalities.
Apart from these studies, there is limited information in the veterinary literature relating to whether patterns of CSF abnormalities may account for enhanced associations with the prevalence of MRI abnormalities. As stated earlier, primary inflammation or breakdown of the blood-brain barrier is associated with a pleocytosis. [1] [2] [3] [4] [5] [6] Consequently, we hypothesized that a greater TNCC would reflect more severe central nervous system pathology and perhaps be associated with an increased prevalence of MRI abnormalities despite the underlying etiology. With regards to CSF cytology, one previous study 16 identified that patients with a low CSF TNCC (,5×10 9 cells/L) and the presence of activated macrophages on cytology were significantly more likely to have MRI abnormalities. This particular study only included patients with low TNCCs. We therefore also hypothesized that other associations may exist for all TNCCs and other CSF leukocytes. To our knowledge, further investigation into the presence of associations between CSF TNCCs or cytology categories and MRI findings has not been investigated. Thus, the primary aim of this study was to determine if CSF TNCCs or cytology findings were associated with the prevalence of abnormal MRI studies. In addition, it also aimed to determine whether specific abnormal MRI characteristics were associated with specific TNCC values or cytology.
Materials and methods case selection
Dogs that were referred for investigation of a neurological disease and that were undergoing MRI of the brain and CSF analysis at Veterinary Specialist Services in Brisbane, Australia from 2008-2012 were eligible for inclusion in this study. Patient breed, age, sex, neutering status, and clinical signs were recorded. Dogs with a history of receiving corticosteroids in the preceding month were excluded from the study.
Cerebrospinal fluid analysis
All CSF samples were collected from the cerebromedullary cistern and analyzed within 4-8 hours of collection at commercial veterinary laboratories. For each CSF sample, the protein concentration, TNCC, and differential cell count were recorded. Protein concentrations were determined by micro protein assays and values ,0.3 g/L were considered normal. The TNCC was determined using a hemacytometer. In cases with blood contamination of the fluid, a corrected estimate of the TNCC was made by subtracting one total nucleated cell for every 500 red blood cells. 5, 17 Differential cell counts were based on a 100 cell count from slides prepared from cytocentrifugation when possible, or the documented predominant cell type when reported. All samples were assessed by a clinical pathologist and only patients with an abnormal CSF analysis, as will be defined, were included in the study.
Abnormal CSF was defined by the presence of a pleocytosis, an abnormal CSF differential cell count as determined by a pathologist, or comments by the pathologist that the cytology was compatible with inflammation. The cut-off value for a pleocytosis was fluid with a TNCC .6×10
6 cells/L, with this value based on the laboratory's reference range. Each TNCC was then categorized into one of three groups based on previous published data for reported mild, moderate, and marked pleocytoses. 2 
image analysis
All MRI studies were performed using a machine with a field strength of 0.25 Tesla (Vet-MR Grande; Esaote SpA, Genoa, Italy). Different solenoid coils were used depending on the head size. All studies included T1-and T2-weighted transverse, sagittal, and dorsal images. Fluid-attenuated inversion-recovery (FLAIR) images were assessed when performed. T1-weighted images in all planes post-contrast administration were also assessed when available. For contrast studies, dimeglumine gadopentetate (Magnevist ® ; Bayer AG, Leverkusen, Germany) was administered at a dose rate of 0.09 mg/kg (intravenously) immediately prior to performing the necessary T1-weighted scans. All MRI studies were interpreted by a specialist veterinary radiologist (Dr N Lester or Dr Z Lenard at the Veterinary Imaging Centre in Perth, Australia). All MRI reports were assessed by the author (TBH) and then classified as either abnormal or normal, based on the presence or absence of reported intracranial abnormalities, respectively. Mild ventricular asymmetry or ventriculomegaly was considered normal. Extra-axial abnormalities that did not have direct communication with the cranial vault were not defined as MRI abnormalities. Normal MRI examinations that had not received FLAIR imaging or contrast were excluded from the study. Abnormal MRI reports were subsequently evaluated for the presence of the following specific characteristics: multifocal or diffuse disease versus focal disease; positive T2-weighted hyperintensity; positive FLAIR hyperintensity; contrast enhancement; a mass effect; and the presence of poorly or well-defined lesion margins.
statistical analysis
Statistical analysis of the results was performed using Fisher's exact tests for all variables with respect to groups A, B, and C, and the cytology categories. Odds ratios were subsequently calculated for all significant variables. To eliminate the effect of the TNCC groupings, TNCCs were also analyzed individually using two-sample Student's t-tests. These analyses were performed on the log of TNCCs for both the incidence of abnormal MRI studies and for each specific characteristic analyzed. Geometric means for each log TNCC variable were calculated. The differences between the mean log TNCC complementary variables were determined, along with the confidence intervals and P-values. The exponentiation of these mean log TNCC differences was used to generate odds ratios. All analyses were performed using a statistical computer program (R statistical package, version 2.14.1; R Foundation for Statistical Computing, Institute for Statistics and Mathematics, Wirtschafts Universitat Wein, Vienna, Austria), and statistical significance was determined by a P-value ,0.05.
Results
Approximately 300 dogs had concurrent CSF analysis and MRI performed at the Veterinary Specialist Services in Brisbane, Australia between 2008 and 2012. Sixty-five dogs had an abnormal CSF, but due to recent administration of corticosteroids, incomplete records, lost images for review, or the absence of MRI interpretation by a specialist veterinary radiologist, only 45 met the inclusion criteria for this study. Of these 45 dogs, crossbreds were most common (number [n]=8), followed by Maltese (n=5), Staffordshire Bull Terriers (n=5), Boxers (n=3), Golden Retrievers (n=2), Cavalier King Charles Spaniels (n=2), Cocker Spaniels (n=2), as well as single cases in the following breeds: 
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hugo et al dogs in the study were 7.4 years and 7 years, respectively (range: 11 months to 14 years). Twenty-three were male, of which seven were entire, and 22 were female, of which three were entire.
The most common clinical signs recorded included ataxia (n=18), seizures (n=16), head tilt (n=15), postural reaction deficits (n=14), and circling (n=12). Less commonly recorded clinical signs included behavioral changes (n=8), neck pain (n=7), nystagmus (n=7), facial nerve paralysis (n=6), paresis (n=6), inappetance (n=5), tremors (n=5), altered mentation (n=5), imbalance (n=5), and abnormal menace response (n=5). Uncommon clinical signs included trigeminal nerve defects (n=3), abnormal pupillary light reflex (n=2), a head bob (n=2), lethargy (n=2), and vomiting (n=2). There were single reports of the following clinical signs: blindness; dysmetria; Horner's syndrome; pacing; head pressing; crab walking; weakness; muscle wastage; nasal discharge; and stertor.
CSF protein concentrations were available for 44/45 (98%) dogs (Table S1-S2). In one sample, a result was not available due to an insufficient volume of fluid. The median protein concentration was 0.49 g/L and ranged from ,0.10-4.56 g/L. In 14 dogs, the CSF protein concentration was normal. Seven of these had abnormal MRI findings.
In total, MRI abnormalities were found in 29/45 (64%) dogs (Table S1-S4 ). There were 20 dogs in group A, of which 12 (60%) had abnormal MRI findings. Fourteen dogs were placed in group B, of which ten (71%) had abnormal MRI findings. Thirteen dogs were placed in group C, of which seven (54%) had abnormal MRI findings. No statistically significant difference was detected between groups A, B, and C, and the prevalence of MRI abnormalities (P=0.921). Of the abnormal MRI studies, T1-and T2-weighted images were available for all cases. FLAIR images were available for 23/29 abnormal MRI studies. Contrast was administered in 27/29 abnormal MRI studies. When further comparisons of groups A, B, and C were made against specific abnormal MRI characteristics, no significant findings were identified (Table 1) . When TNCCs were analyzed individually, no significant findings were identified in either the prevalence of abnormal MRIs or the specific characteristics (Table 2) .
Of the 45 dogs included in this study, differential cell counts or a reported predominant cell type were only available for 37. Of these, MRI abnormalities were identified in 25/37 (68%) dogs (Table S1 -S2, S5-S6). The statistical analysis demonstrated a significant difference between cytology categories and the prevalence of MRI abnormalities (P,0.001). Twenty dogs had their CSF cytology categorized as monocytoid, of which 19 (95%) had abnormal MRI findings. The cytology was categorized as lymphocytic in eleven dogs, of which five (45%) had abnormal MRI findings. Six dogs had CSF cytology categorized as neutrophilic, of which one (17%) had abnormal MRI findings. No cytology samples were categorized as eosinophilic.
The odds ratio for the monocytoid versus lymphocytic cytology in the presence of an abnormal MRI study was 22.8 (95% confidence interval =3.001-487.424). The odds ratio for the monocytoid versus neutrophilic cytology was 95 (95% confidence interval =7.6−.999). Other odds ratio calculations are outlined in Table 3 . Statistical significance was not identified for either lymphocytic or monocytoid cytology groups when compared against the specific abnormal MRI characteristics (Table 4) . Statistical comparisons of neutrophilic cytology and specific abnormal MRI characteristics were not performed due to an inadequate number of cases.
Discussion
This study has identified a significant association between abnormal CSF cytology and the prevalence of MRI abnormalities. Specifically, the finding of monocytoid cytology was 22.8 times more likely to have an abnormal MRI than lymphocytic cytology. The odds ratios also found that monocytoid cytology was 95 times more likely to have an abnormal MRI than neutrophilic cytology, although the reliability of this value may be limited due to the small population size of the cases classified as neutrophilic. To the authors' knowledge, this is the first study to report this particular relationship between CSF cytology and the prevalence of MRI abnormalities. As previously mentioned, another study 16 found that dogs with abnormal brain MRI examinations were significantly more likely to have activated macrophages within their CSF. The activated macrophages previously reported in the literature. The results also suggest that the results of an MRI cannot be relied upon to determine the severity of TNCC changes.
As previously mentioned, a pleocytosis can be induced by either primary inflammatory disease of the central nervous system, or by other pathological processes that induce secondary inflammation or destruction of the blood-brain barrier. Unfortunately, due to the poor availability of histopathological diagnoses in this study, we were unable to further subcategorize cases according to their underlying primary disease. Consequently, the mixed etiology of cases within each TNCC group may have hindered our ability to identify associations that may otherwise exist. For instance, an inverse (or a lack of) an association for certain etiologies may exist. Ideally, further investigations utilizing histopathology results would be required to investigate for correlations between TNCCs and the incidence of MRI abnormalities, more thoroughly. Alternatively, it would also be beneficial to further subcategorize TNCC groups by their cytology category. This would reduce the mixed etiology of cases were considered present when reported separately from the monocytoid cells within the differential cell count, or when larger mononuclear cells were described as phagocytic or having foamy cytoplasm. That study did not identify whether all patients with activated macrophages had a predominance of monocytoid cells, as has been identified by the present study. It also only assessed patients with a low TNCC of ,5×10 9 cells/L. 16 No patients in this study had eosinophilic cytology, and only 1/6 patients had neutrophilic cytology with a concurrent abnormal MRI. Therefore, the association of these cytology categories with specific abnormal MRI characteristics was not possible in the present study, nor was it possible to investigate for an association between an eosinophilic cytology and the prevalence of abnormal MRI studies.
This study did not find significant associations between groups A, B, and C, and the prevalence of MRI abnormalities or specific abnormal MRI characteristics. There were also no significant associations when comparisons were made by comparing individual TNCC values with the prevalence of MRI abnormalities or specific abnormal MRI characteristics. These results indicate that contrary to our initial hypothesis, a greater pleocytosis is not associated with a greater prevalence of MRI abnormalities. This finding has not been in each group and more accurately define the relationships between CSF and MRI abnormalities, where histopathology is not available. Unfortunately, this was not possible in the present study due to the limited case numbers.
In this study, only 64% of patients with intracranial disease, as determined by abnormal CSF, had structural changes identified on MRI. This is slightly lower than the rate quoted previously in the literature (74%-92%) . 3, 14, 15 In one study of 65 dogs with abnormal CSF analysis, 14 74% had MRI abnormalities. Similar results were also found in another study of 25 dogs with abnormal CSF, where 76% were found to have MRI changes. 15 Another study of 256 dogs found that 92% of 160 dogs with abnormal CSF had changes on MRI of either the brain or spine. 3 It is important to note that inflammatory central nervous system disease was present in 52 dogs in this study. Of these, CSF was abnormal in 44 dogs, with 26/44 (59%) exhibiting concurrent MRI abnormalities. This is in contrast to the first two studies that included only dogs with intracranial disease. 14, 15 Reasons for the lower incidence of MRI abnormalities in the current study may relate to differences in the populations assessed between studies, and thus to the frequency and patterns of the diseases encountered. Another consideration is inherent bias due to the retrospective nature of the study. MRI of the brain, followed by CSF analysis, was offered as the standard approach to investigating all patients with suspected intracranial disease. Unfortunately, due to a number of factors, including fiscal constraints, clinician preference based on the most likely diagnosis predicted, and the identification of contraindications to CSF collection, not all patients with suspected intracranial disease underwent both an MRI of the brain and CSF analysis. This resulted in the exclusion of some patients from the study and may have led to case selection bias. Prospective studies in which both MRI of the brain and CSF analysis are performed in all patients are necessary to avoid these limitations and definitively identify all correlations between abnormal CSF and MRI abnormalities.
It is commonly recommended that CSF analysis be performed as soon as possible following collection to avoid sample deterioration. 4, 10 In the present study, as analysis was performed at commercial veterinary laboratories distant to the site of collection, it was often delayed by 4-8 hours. A previous study has demonstrated that the TNCC is not significantly altered if analyzed within 48 hours of collection when stored at 4°C. 18 All TNCCs obtained in the present study are therefore considered to be accurate. The previous study, however, also found that 33% of cells were unrecognizable on cytology in samples with protein concentration ,0.5 g/L if analyzed at 12 hours post-collection. If protein concentration was $0.5g/L, only 6% of cells were unrecognizable at 12 hours. 18 Large mono nuclear cells were most likely to be altered in morphology (significantly decreased by 2 hours post-collection), followed by small mononuclear cells (significantly decreased by 12 hours post-collection), neutrophils (significantly decreased by 24 hours post-collection), and eosinophils (significantly decreased by 48 hours post-collection). 18 In the present study, 23/44 (50%) patients had CSF protein concentrations ,0.5 g/L. Nineteen of these had cytology results available, of which 9/19 (47%) were categorized by their cytology as either having a lymphocytic or neutrophilic pleocytosis. Therefore, there may be underestimation of a large mononuclear cell presence. This phenomenon may have influenced the statistical findings and should be considered with any future prospective studies.
Postictal alterations in CSF TNCCs and cytology have been widely reported to occur in humans. 19 Some studies have reported an incidence as high as 30% based on anecdotal reports and case series. 19 In a more recent study that investigated postictal CSF abnormalities in children, 20 only 5% of cases were found to have a postictal pleocytosis in samples collected ,24 hours after a seizure, where no other cause for pleocytosis could be identified. Interestingly, that study excluded samples with an erythrocyte count of $1,000×10 6 erythrocytes/L. Had they been included, 33% of cases would have been reported as having a postictal pleocytosis. 20 In our study, 16/45 (36%) patients were reported to have had seizures (generalized or partial) in their records; however, none of these cases had erythrocyte counts $1,000×10 6 erythrocytes/L (data not shown). Therefore, while this factor is a consideration, due to the lack of significant blood contamination in samples collected from patients with a history of seizures, its influence on the results is considered negligible.
Conclusion
In conclusion, contrary to our initial hypothesis, this study has demonstrated that in a group of patients with a variety of central nervous system disease etiologies, both CSF TNCC groups and individual CSF TNCCs are not significantly associated with the prevalence of MRI abnormalities or specific abnormal MRI characteristics. Further studies based on histopathological diagnosis or further subcategorizing of the TNCC groups based on their cytology may identify associations that could not be identified in this study. Until then, these results emphasize that in clinical practice, both 
